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7KH�DLP�RI�WKLV�ZRUN�ZDV�WR�SUHSDUH�FRDWLQJV�RQWR�JODVV�VOLGHV�IURP�SRO\PHULF�VROV��+\EULGV�VROV�IURP�

WHWUDHWR[\VLODQH� �7(26�� DQG� ���PHWDFU\OR[\SURSLO�WULPHWKR[\VLODQH� �γ�036�� ZHUH� SUHSDUHG� LQ� DFLG�

PHGLXP� IRU� GLIIHUHQW� 7(26�γ�036� UDWLRV� DQG� WKH\� ZHUH� PRGLILHG� E\� WKH� DGGLWLRQ� RI� D� FROORLGDO� VLOLFD�

VXVSHQVLRQ� DQG�RU� WLWDQLXP� DOFR[\GH�� 7KH� VWDELOLW\� RI� WKH� GLIIHUHQW� VROV� ZDV� HYDOXDWHG� E\� YLVFRVLW\�

PHDVXUHPHQWV�� WKH�VROV�VKRZHG�D�1HZWRQLDQ�EHKDYLRXU�DQG�WKH�DJHLQJ�HIIHFW� LV�QHJOLJLEOH�HYHQ�DIWHU� WZR�

PRQWKV�IURP�WKHLU�SUHSDUDWLRQ��&RDWLQJV�ZHUH�REWDLQHG�E\�GLSSLQJ�DW�GLIIHUHQW�ZLWKGUDZDO�UDWHV�DQG�KHDW�

WUHDWHG� EHWZHHQ� ���� DQG� ����&�� 7KH� WKLFNQHVV� RI� WKH� FRDWLQJV� ZDV� PHDVXUHG� E\� SURILORPHWU\� DQG� WKHLU�

WKHUPDO� VWDELOLW\� ZDV� IROORZHG� E\� 7*$�'7$�� 7KH� WKHUPDO� DQDO\VLV� DOORZV� GHWHUPLQLQJ� WKH� OLPLW�

WHPSHUDWXUHV�DW�ZKLFK� WKH�FRDWLQJV�FDQ�EH� WUHDWHG�ZLWKRXW� ORVV� LWV� K\EULG�FKDUDFWHU��7UDQVSDUHQW�FRDWLQJV�

ZLWK�WKLFNQHVV�KLJKHU�WKDQ���µP�ZHUH�UHDFKHG�IRU�PRVW�RI�WKH�VWXGLHG�FRPSRVLWLRQV���
�
�
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6RO�JHO� PHWKRG� LV� D� VLPSOH� WHFKQLTXH� XVHG� WR� SURGXFH� DGKHUHQW� DQG� FUDFN�IUHH� VLOLFD�
FRDWLQJV��ZKRVH�PRVW�LPSRUWDQW�IHDWXUH�FRQVLVWV�RQ�WKH�ORZ�VLQWHULQJ�WHPSHUDWXUHV������,Q�WKH�
ODVW� \HDUV�� K\EULG� RUJDQLF�LQRUJDQLF� FRDWLQJV� KDYH� EHHQ� GHYHORSHG� LQ� RUGHU� WR� LPSURYH�
PHFKDQLFDO��RSWLFDO�DQG�DEUDVLRQ�SURSHUWLHV��������7ULIXQFWLRQDO�DONR[\VLODQHV�5�6L�25����ZKHUH�
5�DQG�5��DUH�DON\OV�JURXSV��KDYH�EHHQ�XVHG�DV�VWDUWLQJ�PDWHULDOV�WR�LQWURGXFH�RUJDQLF�JURXSV�
LQ� WKH� FRDWLQJV�� 7KH� UHDFWLYH� RUJDQLF� JURXSV� SUHVHQW� LQ� WKH� DON\O� FKDLQV�� DV� YLQ\OV� DQG�
PHWKDFU\OV�JURXSV��FDQ�UHDFW�DW�ORZ�WHPSHUDWXUH�SURGXFLQJ�FURVVOLQNHG�SRO\PHULF�QHWZRUNV��
2QH� RI� WKH� WULDOFR[\VLODQH� XVXDOO\� HPSOR\HG� IRU� WKLV� SXUSRVH� LV� WKH� ��

�PHWKDFU\OR[\SURS\O�WULPHWKR[LVLODQH��γ�036���5HFHQWO\��K\EULG�FRDWLQJV�DQG�EXON�PDWHULDOV�
KDYH�EHHQ�REWDLQHG�IURP�WKH�K\GURO\VLV�DQG�FRQGHQVDWLRQ�RI�γ�036��WKH�PLFURKDUGQHVV�RI�
WKHVH�FRDWLQJV�EHLQJ�ORZHU�WKDQ�WKDW�RI�JODVV�VOLGHV�����

7KH�DLP�RI� WKLV�ZRUN�ZDV� WR�REWDLQ�K\EULG� LQRUJDQLF�RUJDQLF� FRDWLQJV� IURP�7(26�DQG�γ�
036��PRGLILHG� E\� DGGLQJ� GLIIHUHQW�PRODU� UDWLRV� RI� WLWDQLXP� LVRSURSR[\GH� DQG� D� FROORLGDO�
VLOLFD�VXVSHQVLRQ�LQ�RUGHU�WR�LQFUHDVH�WKH�KDUGQHVV�DQG�VFUDWFK�UHVLVWDQFH���

�
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7KUHH�GLIIHUHQW�VROXWLRQV�ZHUH�SUHSDUHG��7KH�ILUVW�VLOLFD�VROXWLRQ��6��ZDV�REWDLQHG�IURP�

WHWUDHWKR[\VLODQH� �7(26��� ���PHWKDFU\OR[\SURS\O�WULPHWKR[\VLODQH� �γ�036�� E\� DGGLQJ�
GLOXWHG�+12�� �����1�� WR�SURGXFH�K\GURO\VLV�DQG�FRQGHQVDWLRQ�UHDFWLRQV��7KH�PRODU� UDWLRV�

+�2��7(26�γ�036�� ZHUH� FKDQJHG� EHWZHHQ� ���� ²� ������ ,QLWLDO� VROV� ZHUH� GLOXWHG� ZLWK�
DEVROXWH�HWKDQRO�XS�WR�D�VLOLFD�FRQFHQWUDWLRQ�RI�����J�O��

$QRWKHU�VLOLFD�VXVSHQVLRQ��&��ZDV�SUHSDUHG�PL[LQJ�7(26��γ�036�DQG�D�FROORLGDO�VXVSHQVLRQ�
RI�VLOLFD��/HYDVLO����$��%D\HU��*HUPDQ\��SDUWLFOH�VL]H���QP��DQG�S+�����&RQFHQWUDWHG�+12��

ZDV�XVHG�DV�FDWDO\VW�WR�UHDFK�D�S+�EHWZHHQ��������7KH�PRODU�UDWLR�7(26�γ�036�ZDV�HTXDO�



WR� ��� WKH� ILQDO� VLOLFD� FRQFHQWUDWLRQ� RI� ���� J�O� EHLQJ� JRW� E\� GLOXWLQJ� ZLWK� D� PL[WXUH� RI�
LVSURS\O�EXW\OJO\FRO��
$�WKLUG�VROXWLRQ��7��ZDV�REWDLQHG�E\�LQFRUSRUDWLQJ�WLWDQLXP�LVRSURSR[LGH��77L���)LUVW��7(26�

DQG��γ�036��ZHUH�SUH�K\GURO\VHG�GXULQJ����PLQXWHV�DW�URRP�WHPSHUDWXUH�E\�DGGLWLRQ�RI�KDOI�
RI� WKH� WRWDO� ZDWHU� QHFHVVDU\� WR� FRPSOHWH� WKH� K\GURO\VLV��2Q� WKH� RWKHU� KDQG�� WKH� WLWDQLXP�
DOFR[LGH� ZDV� PRGLILHG� ZLWK� DFHW\O� DFHWRQH� DQG� ODWHU� PL[HG� ZLWK� WKH� ILUVW� VROXWLRQ� EHIRUH�
DGGLQJ� WKH� UHVW� RI� WKH�ZDWHU��7KH�PRODU� UDWLR�7(26�77L�ZDV� IL[HG� WR� ���� DQG� WKH�PRODU�

UDWLRV�γ�036��7(26�77L��WR�����DQG������
7DEOH� �� VKRZV� WKH� PRODU� UDWLRV� RI� 7(26�� γ�036�� 77L� DQG� WKH� FROORLGDO� VLOLFD� IRU� HDFK�
VWXGLHG�VROXWLRQV��

7DEOH����&RPSRVLWLRQV�RI�WKH�VROV�

6\QWKHVLV� 7(26� γγγγ�036� 77L� &ROORLGDO�6L2��
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7KH� VWDELOLW\� RI� WKH� VROV� ZDV� VWXGLHG� WKURXJK� YLVFRVLW\�� XVLQJ� D� UKHRPHWHU� �+DDNH�� 56����
*HUPDQ\��XQGHU�FRQWUROOHG�UDWH�FRQGLWLRQV�DW����&��
7KHUPR� *UDYLPHWULF� $QDO\VLV� �7*$�� DQG� 'LIIHUHQWLDO� 7KHUPDO� $QDO\VLV� �'7$�� ZHUH�
SHUIRUPHG�RQ�EXON� JHOOHG� DW� ���&� IURP� WKH� VHULHV� 6��7KHVH� DQDO\VHV�ZHUH� FDUULHG�RXW� DW� D�
KHDWLQJ� UDWH� RI� ���&�PLQ� XS� WR� ����&� LQ� DLU�� XVLQJ� D� 1HW]VFK� �6LPXOWDQHRXV� 7KHUPDO�
$QDO\VLV�67$������HTXLSPHQW��6HOI�VXSSRUWHG�OD\HUV�ZHUH�SURGXFHG�E\�JHOOLQJ�DW����&�ZLWK�
WKH� 6� VHULHV� DQG� WHVWHG� E\� 7*$� XVLQJ� WKH� VDPH� FRQGLWLRQV�� ,VRWKHUPDO� 7*$� ZDV� DOVR�
SHUIRUPHG�WR�VLPXODWH�FXULQJ�FRQGLWLRQV��DW�WZR�WHPSHUDWXUH������DQG�����&�IRU���KRXU��
&RDWLQJV�ZHUH�REWDLQHG�RQ�JODVV�VOLGHV�E\�GLS�FRDWLQJ�DW�D�ZLWKGUDZDO�UDWH�EHWZHHQ����DQG����
FP�PLQ�WR�JHW�WKH�FULWLFDO�WKLFNQHVV�FRUUHVSRQGLQJ�WR�HDFK�VRO��7KH�ILOPV�ZHUH�GULHG�DW�URRP�
WHPSHUDWXUH� DQG� GHQVLILHG� GXULQJ� ��� PLQXWHV� DW� WHPSHUDWXUHV� EHWZHHQ� ����&� DQG� ����&�
ZLWK� D� KHDWLQJ� UDWH� RI� ���&�PLQ� LQ� DLU�� 7KH� WKLFNQHVV� RI� WKH� FRDWLQJV� ZDV� PHDVXUHG� E\�
SURILORPHWU\��7DO\VWHS��8.���
�

���5(68/76�$1'�',6&866,21�

7KH�VROV�ZHUH�FKDUDFWHULVHG�E\�GHWHUPLQLQJ�YLVFRVLW\�FKDQJHV�ZLWK�WKH�DJHLQJ�WLPH��$OO�
WKH� VROV� VKRZHG� D� 1HZWRQLDQ� EHKDYLRXU�� PDLQWDLQHG� IRU� DW� OHDVW� QLQH� ZHHNV� ZLWKRXW�
LPSRUWDQW�FKDQJHV��:KHQ�QDQRSDUWLFOHV�DUH�DGGHG�WR�VRO�� WKH�VWDELOLW\� LV� VWLOO�KLJK�DOWKRXJK�
WKH�YLVFRVLW\�VOLJKWO\�LQFUHDVHV�IURP�����P3D�V�IRU�WKH�VRO�6�WR���P3D�V�IRU�VRO�&��
)LJXUH���VKRZV�WKH�WKHUPR�JUDYLPHWULF�FXUYHV�RI�ILOPV�JHOOHG�DW����&��7KH�FXUYHV�VKRZ�WKDW�
WKH�KLJKHU�WKH�RUJDQLF�FRQFHQWUDWLRQ�LQ�WKH�VDPSOHV�WKH�KLJKHU�LV�WKH�GHJUDGDWLRQ�UDWH���
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)LJXUH����7*$�FXUYHV�DV�D�IXQFWLRQ�RI�WHPSHUDWXUH��

7KH�7*$�DQG�'7$�WHVWV�ZHUH�DOVR�SHUIRUPHG�ZLWK�EXON�JHOOHG�VDPSOHV�XVLQJ�WKH�VDPH�WHVW�
SDUDPHWHUV��7KH� UHVXOWV� VKRZ�D� VLPLODU� WUHQG�� DOWKRXJK� WKH� WHPSHUDWXUHV�RI�GHJUDGDWLRQ�RI�
RUJDQLF� JURXSV� WDNH� SODFH� DW� ORZHU� WHPSHUDWXUHV�� SUREDEO\� GXH� WR� WKH� ORZHU� SRURVLW\�
H[KLELWHG� IRU� WKH� ILOPV� FRPSDUHG� ZLWK� WKDW� REWDLQHG� IRU� WKH� EXON� VDPSOH�� 7KH� UDWH� RI�
GHJUDGDWLRQ� LV� IDVWHU� ZLWK� LQFUHDVLQJ� SRURVLW\� GXH� WR� JUHDWHU� R[\JHQ� GLIIXVLRQ�� 7KXV�� JDV�
GLIIXVLRQ�DQG�R[LGDWLRQ�RI�WKH�RUJDQLF�VSHFLHV�LQ�WKH�EXON�SRURXV�PDWHULDO�LV�IDYRXUHG��
2Q�RWKHU�KDQG��LVRWKHUPDO�7*$�DW�����DQG�����&�ZHUH�SHUIRUPHG�RQ�VHOI�VXSSRUWHG�JHOOHG�
ILOPV��)LJXUH���VKRZV�LVRWKHUPDO�7*$�WHVWV�DW�����&�RI�ILOPV�IURP�6�VHULHV��7KH�ILUVW�SDUW�RI�
WKH�FXUYHV�FRUUHVSRQGV�WR�ZDWHU�DQG�DOFRKRO�ORVVHV��6LQFH�WKH�K\GURSKRELF�FKDUDFWHU�RI�WKH�

PDWHULDO�LQFUHDVHV�ZLWK�LQFUHDVLQJ�γ²036�FRQWHQWV�WKH�PDVV�ORVV�LV�ORZHU�IRU�KLJKHU�RUJDQLF�
FRQWHQWV�� 2Q� WKH� RWKHU� KDQG�� LQ� WKH� WHVW� SHUIRUPHG� DW� ����&�� WZR� GLIIHUHQW� VHFWLRQV� DUH�
REVHUYHG��7KH�ILUVW�LV�DOVR�GXH�WR�ORVV�RI�ZDWHU�DQG�DOFRKRO��DQG�WKH�VHFRQG�LV�SURGXFHG�E\�

WKHUPDO�GHJUDGDWLRQ�RI�WKH�RUJDQLF�VSHFLHV�SUHVHQW�LQ�WKH�γ�036��
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WLPH��PLQ�

�
)LJXUH����,VRWKHUPDO�7*$�FXUYHV�DV�D�IXQFWLRQ�RI�WLPH�IURP�FRPSRVLWLRQV�6�

&RDWLQJV� RQWR� VOLGH�JODVV� ZHUH� SUHSDUHG� DW� GLIIHUHQW� ZLWKGUDZDOV� UDWHV� DQG� FXUHG� EHWZHHQ�
���� DQG� ����&�� 7KH� FULWLFDO� WKLFNQHVV� GHFUHDVHV�ZLWK� LQFUHDVLQJ� GHQVLILFDWLRQ� WHPSHUDWXUH��
)LJXUH��� VKRZV� WKH�HYROXWLRQ�RI� WKH�FULWLFDO� WKLFNQHVV� IRU�6�FRPSRVLWLRQV�DV� D� IXQFWLRQ�RI�
GHQVLILFDWLRQ�WHPSHUDWXUH��
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)LJXUH����&ULWLFDO�WKLFNQHVV�DV�D�IXQFWLRQ�RI�GHQVLILFDWLRQ�WHPSHUDWXUH�IRU�6�FRPSRVLWLRQV�

&RDWLQJV�REWDLQHG�IURP�VRO�6��� WKHUPDOO\� WUHDWHG�DW�����&��&��DQG�&��WKHUPDOO\� WUHDWHG�DW�
����&��DQG�6��ZLWK�HYHU\�WKHUPDO�WUHDWPHQW��H[KLELW� ODFN�RI�KRPRJHQHLW\�SUHVHQWLQJ�ZDYHV�

RU�GULSV��7KHVH�GULSSLQJ�SKHQRPHQRQV�PD\�EH�FDXVHG�E\�WKH�SUHVHQFH�RI�γ�036�DV�UHDJHQW��
:KHQ� WKH� RUJDQLF� IUDFWLRQ� LV� KLJKHU� WKDQ� ���� GU\LQJ� DW� URRP� WHPSHUDWXUH� LV� QRW� WRWDOO\�
HIIHFWLYH��:KHQ�VDPSOHV�DUH�VXEMHFWHG�WR�WKHUPDO�WUHDWPHQWV��WKH�ILOP�YLVFRVLW\�UHGXFHV�DQG�
WKH�ILOP�IORZV�SURGXFLQJ�WKH�GULSSLQJ�SKHQRPHQRQ��,Q�RUGHU�WR�DYRLG�WKLV�EHKDYLRXU��D�SUH�
FXULQJ�VWHS�DW�ORZHU�WHPSHUDWXUH�DQG�RU�WKH�DGGLWLRQ�RI��D�FXULQJ�DJHQW�WR�DYRLG�SODVWLF�IORZ�
LV�VXJJHVWHG��
&RDWLQJV� REWDLQHG� IURP� 7�� VRO�� FRQWDLQLQJ� WLWDQLXP� LVRSURSR[LGH�� VKRZHG� ORZHU� FULWLFDO�

WKLFNQHVV��2Q� WKH� FRQWUDU\�� WKH� FULWLFDO� WKLFNQHVV� ZDV� QRW� UHDFKHG� LQ� γ�036�ULFK� FRDWLQJV�
REWDLQHG�IURP�7��VROV��7KHVH�FRDWLQJV�VKRZHG�KLJK�KRPRJHQHLW\�DQG�JRRG�DSSHDUDQFH��7KH�
XVH�RI�7L�FRQWDLQLQJ�UHDJHQW�LQ�WKH�V\QWKHVLV�RI�7��DQG�7��VROV�IDYRXUHG�WKH�GLVDSSHDULQJ�RI�
GULSSLQJ�LQ�WKH�REWDLQHG�FRDWLQJV��

6LQFH�H�αααα�YQ��ZKHUH�H�LV�WKH�FRDWLQJ�WKLFNQHVV�LQ�µP��DQG�Y�LV�WKH�ZLWKGUDZDO�UDWH�LQ�FP�PLQ��
Q�ZDV�FDOFXODWHG�E\�OHDVW�VTXDUHV�UHJUHVVLRQ��7KH�REWDLQHG�YDOXHV�YDU\�EHWZHHQ������DQG������
IRU�HDFK�FRPSRVLWLRQ�DQG� WKHUPDO� WUHDWPHQW��ZKLOH� WKH�GHGXFHG�YDOXH�E\�,��6WUDZEULGJH�HW�
DO���DQG�*XJOLHOPL�HW�DO���IRU�LQRUJDQLF�FRDWLQJV�LV������'HYLDWLRQV�LQ�WKLV�VORSH�DUH�DWWULEXWHG�
WR� WKH� UKHRORJLFDO� DQG� IORZLQJ� EHKDYLRXU� RI� WKH� VROV� DQG� WKH� VLQJXODU� K\EULG� VWUXFWXUH� RI�

FRDWLQJV� REWDLQHG� IURP� γ�036�� DOWKRXJK� WKLV� HIIHFW� PXVW� EH� IXUWKHU� VWXGLHG� IRU� WRWDO�
FODULI\LQJ��

�
���&21&/86,216�

7KH�K\EULG�VROV�SUHSDUHG�IURP�7(26�DQG�γ�036�VKRZ�D�1HZWRQLDQ�EHKDYLRXU��DJHLQJ�
HIIHFW�EHLQJ�QHJOLJLEOH�HYHQ�DIWHU�WZR�PRQWKV�RI�VWRUDJH��

7KH�OLPLW�WHPSHUDWXUH�IRU�FRDWLQJ�GHQVLILFDWLRQ�GHFUHDVHV�ZLWK�γ�036�FRQWHQW��DQG�LW�VKRXOG�
EH�DOZD\V�ORZHU�WKDQ�����&�IRU�6��VROV�DQG�����&�DQG�����&�IRU�6��DQG�6��VROV�UHVSHFWLYHO\���

γ�036�FRQWHQWV�KLJKHU�WKDQ�����SURGXFH�QRQ�VPRRWK�FRDWLQJV�VXUIDFHV�GXH�WR�YLVFRSODVWLF�
EHKDYLRXU�� ,Q� RUGHU� WR� DYRLG� WKLV� SKHQRPHQRQ�� D� SUH�FXULQJ� VWHS� DW� ORZHU� WHPSHUDWXUH�
DQG�RU�WKH�DGGLWLRQ�RI�D�FXULQJ�DJHQW�WR�DYRLG�SODVWLF�IORZ�LV�VXJJHVWHG��

7KH� DGGLWLRQ� RI� γ�036� SURGXFHV� D� VWURQJ� LQFUHDVH� LQ� WKH� FRDWLQJ� FULWLFDO� WKLFNQHVV���
)XUWKHUPRUH�� LW� VWURQJO\� LQFUHDVHV� WKH� YDOXH� RI� Q� �D� SDUDPHWHU� ZKLFK� UHODWHV� WKH� FRDWLQJ�



WKLFNQHVV�ZLWK�WKH�ZLWKGUDZDO�UDWH���IURP������LQ�QRQ�FRQWDLQLQJ�J�036�VROV��WR��������������

GHSHQGLQJ�RQ�γ�036�FRQWHQW��
�
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7KLV�ZRUN� KDV� EHHQ� SDUWLDOO\� ILQDQFHG� E\� WKH� 3URJUDPPH�&<7('� �$(&,�� WKURXJK� WKH�

1HWZRUN�9,,,�(�DQG�WKH�SURMHFW�9,,,����
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��
&��-��%ULQNHU��*��:��6FKHUHU��LQ�6RO�JHO�6FLHQFH��7KH�3K\VLFV�DQG�&KHPLVWU\�RI�6RO�*HO�
3URFHVVLQJ��HGLWHG�E\�$FDGHPLF�3UHVV��,QF��+DUFRXUW�%UDFH�-RYDQRYLFK��%RVWRQ���������
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